A rough estimate of the annual amount of sulfur, arsenic, mercury and fluoride emission from spontaneous combustion of coal gangue in China was determined. The weighted mean concentrations of S, As, Hg, and F in coal gangue are 1.01%, 7.98, 0.18, and 365.54 mg/kg, respectively. Amounts of S, As, Hg, and F emissions from coal gangue spontaneous combustion show approximately 1.13 Mt, and 246, 45, and 63,298 tons in 2013, respectively. The atmospheric release amount of sulfur from coal gangue is more than one tenth of this from coal combustion, and the amounts of As, Hg, and F are close to or even exceed those from coal combustion. China's coal gangue production growth from 1992 to 2013 show an obvious growth since 2002. It may indicate that Chinese coal gangue has become a potential source of air pollution, which should be included in emission inventories.
Introduction
Coal gangue is one of the largest industrial residues in China that is discharged during the processing and utilization of coal (Gu, 1997; Liu and Liu, 2010) . With continuous growth of coal mining and coal cleaning, a large amount of coal gangue are produced, which contain sulfide minerals, alumino-silicates minerals, other inorganic minerals, and organic matter (Querol et al., 2008; Zhao et al., 2008; Zhou et al., 2014) . The current disposal of such a large quantity of coal gangue occupies a lot of land and has caused many serious environmental problems (e.g. Querol et al., 2008; Bian et al., 2009; Zhou et al., 2014) . Among them, spontaneous combustion of coal gangue stockpiles is a serious environmental concern in China, and hazardous trace elements are released into the atmosphere .
Extensive studies focused on toxic trace elements released from coal combustion and its air pollution in China (e.g. Wang et al., 2000; Zhang and Zhao, 2007; Tian et al., 2010; You and Xu, 2010; Liu et al., 2013) . Some studies involved the trace elements abundance properties, toxicity and partitioning characterization of coal gangue, and the control of its spontaneous combustion (e.g. Querol et al., 2008; Zhao et al., 2008; Fu et al., 2012; Zhou et al., 2012 Zhou et al., , 2014 . However, few quantitative estimates have been conducted on total emissions of sulfur and toxic trace elements (e.g. As, Hg, and F) during spontaneous combustion of coal gangue in China. Consequently, their environmental impacts and proportion in total atmospheric release in China are still obscure.
Since the takeoff of China's economy, environmental issues, including air pollution, have become a matter of concern by the public. The heavy air pollution has become frequent in recent years in China, and has had serious influence on the urban and rural atmospheric environment, traffic safety, industrial, agricultural development, etc. (e.g. He et al., 2002; Tie et al., 2006; Ma et al., 2010; Leung et al., 2014) . Chinese official data and other studies manifest that industrial sulfur dioxide emissions peaked in 2006, and then it exhibited a downward trend (MEPC, 1996e2011, 2012e2013; Zhang et al., 2012; Klimont et al., 2013) . However, it is still unclear whether there exist some undetermined emission sources such as coal gangue.
To attain a better understanding of the emission of sulfur, arsenic, mercury, and fluoride due to spontaneous combustion of coal gangue, we collected representative coal gangue samples from large coal mines in Shaanxi, Shanxi, and Shandong Provinces, the most important energy resources bases in China. We determined the sulfur, arsenic, mercury, and fluorine contents in these samples and calculated the average contents of the samples based on weight of coal reserves in the different coal-forming period. Furthermore, this study provides a rough quantitative estimate of the total annual amount of sulfur, arsenic, mercury, and fluoride emission from spontaneous combustion of coal gangue. Finally, we payed attention to the long-term emission trends of sulfur dioxide from coal gangue and total sulfur dioxide emission in China. The estimate and addressing of potential source of air pollution in China may enable researchers and policy-makers to be more effective.
Materials and methods

Geographic and geological background
Chinese coal resources are unevenly distributed with more in the north and west than in the south and the east. The main coalforming periods with the largest reserves in China were the Carboniferous, Permian, and Jurassic. Coal in the North China and Northwest China accounts for nearly 84% of total Chinese coal reserves, and lignite in Northeast China accounts for only about 4%, while coal in southern China only accounts to 9% (Chen and Zhang, 1993; Mao and Xu, 1999) .
Hancheng, Chenghe, and Tongchuan coal mines are located at the Weibei coalfield in Shaanxi Province (Fig. 1) . These coal mines and the Shenfu coalfield are in the Erdos Basin, which is one of the most important energy resources bases in China. The coal-bearing stratum in the Weibei Coalfield in Shaanxi Province, the Xishan Coalfield in Shanxi Province, and the Pingyin Coalfield in Shandong Province are in the Pennsylvanian Taiyuan Formation and the lower Permian Shanxi Formation. The Bindong coal mine and Linyou coal mine is located in Jurassic Huanglong Coalfield, southeastern Ordos Basin (Fig. 1) , and the coal-bearing stratum in the Huanglong Coalfield and Shenfu Coalfield are in the middle Jurassic Yan'an Formation.
Samples
Samples are mainly from Permo-Carboniferous coal from the Hancheng coal mine, the Tongchuan coal mine, the Chenghe coal mine, and the Shenfu coal mine in Shaanxi Province; the Xishan coal mine in Shanxi Province and Pingyin coal mine in Shandong Province. Jurassic coal from the Bindong and Linyou mines are mainly used as steam coal. It is reasonable to collect these samples and analyze their elemental contents according to their geologic ages rather than coal types (Luo et al., 2002) . Methods of sampling in this paper are mainly channel sampling and strip sampling based on GB 482e1995 (Chinese standard of coal seam sampling) (Yang et al., 1998) . In the Bindong, Linyou and Hancheng coal mines, samples of coal gangue in the channel were collected after a straight channel was made in the coal bed workface. Mixed samples of coal gangue in stockpiles are from the Chenghe, Shenfu, Xishan, and Pingyin coal mines. All collected samples were pulverized and passed through a 150-mesh sieve, then every homogenized sample was dried for two days at 50 C and stored in a desiccator.
Determination of sulfur, arsenic, mercury, and fluorine content
The content of sulfur was determined by High Temperature Catalytic e Coulometric Titration method (GB/T 214e2007) (AQSIQ-SAC, 2007) . The content of sulfur of the standard reference materials GBW11103g, GBW11107j, and GBW11112d (coal, from Testing Center of China Coal Research Institute) was randomly analyzed with each batch of samples, respectively. The relative standard deviation was 10 À1 , and the detection limit was 10
À4 .
The content of fluorine was determined by pyrohydrolysis/ fluorine ion-selective electrode method (Yang et al., 1998) . For quality control, the standard reference materials [(GBW11122 (coal) respectively. The relative standard deviation was less than 10 À1 , and the detection limit was 10
À9
. Arsenic and mercury in coal gangue are determined by electric hot plate-mixed-acids-hydride generation atomic fluorescence spectrometry (HG-AFS) (Luo, 2005; Zhang et al., 2006; Ni and Luo, 2015) . The following standard reference materials were randomly analyzed with each batch of coal gangue samples: GBW 07408 (GSS-8, soil, China), GBW 07107 (GSR-5, rock, China), GBW 07114 (GSR-12, rock, China), and GBW 07102 (rock, China) (Chinese Standard Sample Study Center, Chinese Academy of Measurement Sciences). The relative standard deviation was less than 2.5%, and the detection limit was 10 À9 .
Data collections
We collected coal gangue and raw coal production in China from 1992 to 2013 (Li and Sun, 2007; CNCA, 2011; NBSC, 2013a NBSC, , 2013b NBSC, , 2014 NDRCC, 2012 NDRCC, , 2014 , the total emission of sulfur dioxide in China (1992e2013) (MEPC, 1996e2011, 2012e2013) , and the numbers of annual average of hazy days in China (1992e2012) (NCCCMA, 2011).
Results and discussion
Average contents of sulfur, arsenic, mercury and fluoride from coal gangue in China
The content of sulfur, arsenic, mercury, and fluoride in coal gangue samples (including roof, parting, floor, and mixed coal gangue) in this study is listed in Table 1 . Some studies have reported the contents of these elements in Chinese coal gangue based on a certain coal mine (Table 2) . However, some factors should be taken into account when element contents in coal gangue are evaluated, such as different coal-forming periods and the different proportions of coal reserves in China. The Permo-Carboniferous coals are the main coals used for power generation in China, accounting for nearly 58% of Chinese coals (Zeng, 2001) . Jurassic coal accounts for about 39% of Chinese coals (mainly in Northwest China), and the other coals (mainly Triassic, Cretaceous, and Neogene coals) only about 3% (Chen and Zhang, 1993) . Based on the calculation method from Luo et al. (2004a) , the weighted average content of these three elements in Chinese coal gangue (C 0 ) can be expressed as the following equation:
where C 1 d the average content in Jurassic coal gangue; C 2 d the average content in Permo-Carboniferous coal gangue; C 3 d the average content in coal gangue in other periods (Zhao, 2007) . Through Eq. (1), the average contents of sulfur, arsenic, mercury, and fluoride in coal gangue in this paper are calculated at 1.01 wt.% (weight percent), 7.98 mg/kg, 0.18 mg/kg, and 365.54 mg/kg, respectively ( Table 2 ). The content of sulfur in coal gangue is quite close to the content of sulfur in coal (1.02 wt.%) by Luo et al. (2005) . What's more, the contents of arsenic and fluoride in coal gangue are higher than those in coal, which are estimated at 4.5 mg/kg (Luo, 2005) , and 3.18 mg/kg (Kang et al., 2011) for arsenic; and 82 mg/ kg (Luo et al., 2004a) , and 130 mg/kg for fluoride in Chinese coal, respectively. In addition, the contents of mercury in coal gangue are close to these in Chinese coal which is estimated at 0.15 mg/kg (Huang and Yang, 2002) and 0.188 mg/kg . Furthermore, the contents of sulfur, arsenic, and mercury in coal gangue are obviously higher than their abundance of continental crust (Table 2) . Querol et al. (2008) determined that the sulfur, mercury, and arsenic concentrations in fired coal gangue (residual after combustion) are about 0.8%, 0.003 mg/kg, and 10 mg/kg, respectively. We analyzed fluoride concentration in fired coal gangue at 148 mg/kg (Table 2) .
3.2. Estimates of sulfur, arsenic, mercury, and fluoride from spontaneous combustion of coal gangue
The atmospheric emission of sulfur and potentially toxic elements from coal gangue combustion (E, ton) can be calculated as follows:
where C coal gangue and C fired are the sulfur and potentially toxic elements concentrations of the coal gangue and the cinder (fired coal gangue) and C ash is the ash content of coal gangue. A coal gangue indicate the total amount of coal gangue. Based on Eq. (2), the emissions of sulfur, arsenic, mercury, and fluoride from spontaneous combustion of coal gangue in China in 2013 are approximately calculated at 1.13 million tons, 246 tons, 45 tons, and 63,298 tons, on complete combustion condition, respectively (Table 3 ). This estimate is based on spontaneous combustion ratio of 1/3 (Querol et al., 2008; Zhao et al., 2008) , ash content of 70% (average values based on our results), coal gangue production 750 million tons in 2013 (NDRCC, 2014) , and the mean content of these elements calculated in this paper.
In order to verify the credibility of this estimation, we chose the emission factor of SO 2 (9.84 mg/g), H 2 S (0.61 mg/g) (Deng and Cen, 1999) , As (1.08 mg/kg), Hg (0.40 mg/kg), and F (271 mg/kg) during spontaneous combustion of coal gangue as reference. Verification results based on emission factor were close to the results of Eq. (2), which showed S (1.31 million t), As (270 t), and F (67,750 t), but the emission of mercury in this work is lower than verification results (100 t).
In this paper, the total amount of sulfur dioxide emission from raw and clean coal in China is estimated approximately at 15.38e18.70 Mt in 2013 based on average sulfur removal rate of China (Table 3 ). The emission amount of sulfur dioxide from total industrial sources is 20.439 million tons based on official statistics in 2013 (MEPC, 2013) , in which coal combustion made up about 75e90% roughly in this paper. Emissions estimates of sulfur, arsenic, mercury, and fluoride from coal is conducted as well (Table 3) . Therefore, emissions of these harmful trace elements such as arsenic and fluoride released into the atmosphere from coal gangue are close or even exceed those from coal combustion (Table 3) .
Long-term emission trends of sulfur dioxide from coal gangue and total sulfur dioxide emission in China
Coal mining wastes account for about 10e15% of the total coal produced in China . There are approximately more than 4.5 Gt of coal gangue cumulated, which occupied more than 15,000 km 2 of land in China up to 2010 (Bian et al., 2009; Zhao et al., 2008) . The annual production of coal gangue sharply increased after 2000, and the output exceeded 0.75 Gt in 2013 (NDRCC, 2014) ( Fig. 2A) . Meanwhile, the total raw coal production in China has considerably increased after 2000, and it reached to 3.68 Gt in 2013 ( Fig. 2A) . Emission trend of sulfur dioxide from spontaneous combustion of coal gangue from 1992 to 2013 is estimated in this paper based on the same emission ratio as in Table 3 . This trend shows an accelerated growth after 2002 and reached to 2.25 Mt in 2013 (Fig. 2B) .
Chinese official data showed that industrial sulfur dioxide emissions peaked in 2006 (25.88 Mt), and then it showed a downward trend (average annual decrease rate at 3.88%), especially after 2008 Beijing Olympic Games (MEPC, 1996e2011, 2012e2013) (Fig. 2B) . Some other studies show a similar trend of sulfur dioxide emissions in China that reduction of emissions occurred after the peak value in 2006 (e.g. Zhang et al., 2012; Klimont et al., 2013) . This trend may be attributed to increasing of FGD installations in Chinese power plants under stricter emission limits (Xu, 2011) . (3) 36 (1) As ad mg/kg 0e21 12 (20) 14 (1) Notes: i) F ad, As ad, and Hg ad are fluoride, arsenic, and mercury contents in coal gangue with air dry basis. ii) S t.d is total sulfur content in coal gangue with dry basis.
iii) The numbers above/below the line are concentration ranges/arithmetic average values, and numbers in parentheses mean sample numbers used for this study. (Luo et al., 2002) 162,161 a The raw and clean coal production was based on the total production of coal at 3680 million tons and the raw coal washing rate at nearly 60% in 2013 (http:// www.coalchina.org.cn/detail/14/01/16/00000012/content.html). b The average content of sulfur in coal was from . c Emission of sulfur after desulphurization was calculated according to the average removal rate of SO 2 (75%) of thermal power plants in China (MEPC, 2012) . However, the statistics data about continuously worsening atmospheric environment, e.g. increase of number of hazy days, show an increasing trend in recent years (NCCCMA, 2011; Wang et al., 2014) . Based on the estimate above, the amount of sulfur dioxide emission from coal gangue is becoming an important factor which shows a rapidly growing trend after 2002 with the ratio more than 10% of the total amount of sulfur dioxide emission.
Implications and limitations
According to the data from environmental monitoring, continuous heavy haze pollution increased dramatically in China (Cheng et al., 2013; Wang et al., 2014; Gao et al., 2015) . The average numbers of haze days in China shows a rising trend from 1992 to 2013 (NCCCMA, 2011; MEPC, 1996e2011; MEPC, 2012e2013) , and it indicates the trend of accelerating growth after 2002. China's coal gangue production growth from 1992 to 2013 shows almost the same year after which the production of coal gangue exhibits an obvious growth (Fig. 2) . Furthermore, emission of sulfur dioxide from spontaneous combustion of coal gangue exhibits an accelerated growth after 2002 as well.
Even most of coal gangue has much higher contents of sulfur and other hazardous trace elements than coal, some of coal gangue used as small power station, domestic heating, and as a component for construction materials (e.g. cement and brick) (Xiao et al., 2015) . All these processes as the spontaneous combustion of coal gangue, are without any desulfurization equipment, and the emissions of hazardous substances have not yet been included in the statistics. What's more, all of the emissions of hazardous substances from coal gangue used or spontaneous combustion have not yet been included in the statistics. The finding in this paper may imply that coal gangue spontaneous combustion is the potential sources of sulfur, arsenic, mercury, and fluorine emissions to air pollution in China. Unsustainable coal mining, processing, and utilization produce large amounts of potential pollution sources, and this situation may last for years (Yu and Wei, 2012) . Therefore, the measures of emission control should be integrated with management of mining waste, such as coal gangue piles in China's coal mining areas (Fan et al., 2014) .
It should be noted that although most of coal gangue has much higher contents of sulfur and other hazardous trace elements than coal, their contents variation shows wide ranges among different coal-forming basins, hence, it is still difficult to accurately estimate their concentrations in coal gangue at the national level. Consequently, for further research, more precise estimate of atmospheric emission amount of these elements is still needed by extensive studies with further collection of samples, and more in-depth investigation is required to improve and validate the results of this paper as well.
Conclusions
The aim of this work is to provide a rough estimate of the total annual amount of sulfur, arsenic, mercury, and fluoride emission from spontaneous combustion of coal gangue. For this purpose, we determine and calculate the average sulfur, arsenic, mercury and fluorine contents of Chinese coal gangue, based on weighted coal reserves in main coal-forming period. Weighted mean contents of sulfur, arsenic, mercury, and fluoride in coal gangue are 1.01%, 7.98 mg/kg, 0.18 mg/kg, and 365.54 mg/kg, respectively, which are close to or higher than those in Chinese coal. Furthermore, we provide a rough estimate of the total annual amount of these elements emissions from spontaneous combustion of coal gangue. The results show approximately S (1.13 Mt), As (246 tons), Hg (45 tons), and F (63,298 tons) in 2013, respectively.
The results indicate two main points. Firstly, the emissions of sulfur, arsenic, and fluoride released into the atmosphere from coal gangue account more than 10% (sulfur) or even exceed (arsenic and fluoride) those from coal combustion. Moreover, emission of mercury is equal to nearly a quarter of total emission from coal combustion. So, sulfur, arsenic, mercury, and fluorine emissions due to spontaneous combustion of coal gangue is an important part of Chinese emission inventories. Secondly, emission of sulfur dioxide from spontaneous combustion of coal gangue from 1992 to 2013 show almost the same year (around 2002) after which the production of coal gangue exhibits an obviously growth. The results in this paper indicate that practical management of mining waste, such as coal gangue piles in China's coal mining areas should be integrated into national emission reduction policies. More precise and in-depth work are still needed to evaluate the environmental impact of coal gangue spontaneous combustion in the future.
